Triptolide (TP), an oxygenated diterpene, has a variety of beneficial pharmacodynamic activities but its clinical applications are restricted due to severe testicular injury. This study aimed to delineate the molecular mechanisms of TP-induced testicular injury in vitro and in vivo. TP (5-50000 nmol/L) dose-dependently decreased the viability of TM4 Sertoli cells with an IC 50 value of 669.5-269.45 nmol/L at 24 h. TP (125, 250, and 500 nmol/L) dose-dependently increased the accumulation of ROS, the phosphorylation of JNK, mitochondrial dysfunction and activation of the intrinsic apoptosis pathway in TM4 cells. These processes were attenuated by co-treatment with the antioxidant N-acetyl cysteine (NAC, 1 mmol/L). Furthermore, TP treatment inhibited the translocation of Nrf2 from cytoplasm into the nucleus as well as the expression of downstream genes NAD(P)H quinone oxidoreductase1 (NQO1), catalase (CAT) and hemeoxygenase 1 (HO-1), thus abrogating Nrf2-mediated defense mechanisms against oxidative stress. Moreover, siRNA knockdown of Nrf2 significantly potentiated TP-induced apoptosis of TM4 cells. The above results from in vitro experiments were further validated in male mice after oral administration of TP (30, 60, and 120 mg·kg -1 ·d -1
Introduction
Tripterygium wilfordii multiglycoside (GTW), a traditional Chinese herbal medicine, has long been used to treat inflammatory and immune diseases, including lupus erythematosus, rheumatism arthritis and pouchitis [1, 2] . With the development of technology for the modernization of Traditional Chinese Medicine (TCM), Triptolide (TP, C 20 H 24 O 6 , Figure 1A ), a diterpene epoxide extracted from the roots of GTW, has been recognized as a major active ingredient responsible for the pharmacological and toxic effects of GTW [3] [4] [5] . On the one hand, TP has strong and beneficial pharmacodynamic activities, such as anti-rheumatic, antiinflammatory, anti-microbial and anti-tumor activities [6] [7] [8] [9] [10] ; on the other hand, it also exerts a narrow therapeutic window and severe adverse effects on the liver, kidney, heart, and reproductive system and on hematopoiesis. Among those side effects of TP, reproductive toxicity is the most significant, owing to the high incidence rate. Therefore, TP has been used as a model drug in an animal male infertility disease model to investigate the pathological mechanism of male infertility and related drug effects. Furthermore, illuminating the underlying mechanism of inducing toxicity would aid in alleviating [11] [12] [13] or avoiding adverse reactions via combination drug therapy [14] . TP has been reported to have a wide variety of adverse effects in the male reproductive system, including decreasing the diameter of seminiferous tubules and the number of various spermatogenic cells in male rats [15] , decreasing the weights of the testis and epididymis [16] and disrupting sperm morphology [17] . Testis tissue is a main site of toxicity because TP can easily permeate into the blood-testis barrier after administration and increase exposure to TP in testicular tissue [18] . Our previous studies conducted in TP-treated mice have shown clear testicular injury, including an abrogated microstructure, peritubular cells, developing germ cells, as well as changes in the gonad index of the testis and the energy metabolism system [19] . Testicular tissues are mainly composed of two types of cells: Sertoli cells (SCs) and Leydig cells. Leydig cells are the testosterone-producing cells of the testis, and SCs in the seminiferous tubule of the testis play a pivotal role in supporting the formation of the testis and blood-testis barrier, thus protecting germ cells from harmful influences [20] . SCs act as nurse cells and manage the processes 
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Acta Pharmacologica Sinica of spermatogenesis by providing nutrition and an adaptive environment for germ cell survival and development during mammalian spermatogenesis. Therefore, impairment of SCs may have negative effects on spermatogenesis, sperm production and morphological changes in the testis. Some proposed molecular mechanisms of TP toxicity include the induction of apoptosis [21] , oxidative stress [22] , disruption of the cAMP/PKA pathway [23] , mitochondrial injury [24] , and decreased tight junctions [25] . However, little information has been reported concerning the toxic effects of TP on SCs, and the precise molecular mechanism underlying its toxicity remains unclear. As previously reported, TP can cause tissue injury via oxidative stress [26] . Increased oxidative stress in testicular tissue may be a potential mechanism of TPinduced testis tissue injury, reproductive system disorders and male sterility. The reactive oxygen species (ROS) generated can decrease the mitochondrial membrane potential (Δψm), induce mitochondrial dysfunction, and eventually lead to apoptosis. It is currently believed that the induction of apoptosis and the production of ROS are essential steps in the testicular injury triggered by TP. All these actions involve a complex array of intracellular signaling pathways including the mitogen-activated protein kinase (MAPK) pathways, caspase-3 pathways, mitochondrial pathways and nuclear factor erythroid 2-related factor 2 (Nrf2) pathways.
MAPKs regulate diverse processes including cell proliferation, differentiation, apoptosis, gene expression, protein synthesis and secretion. In mammals, at least 3 families of MAPKs have been identified: extracellular signal-regulated kinase (ERK) 1/2, c-Jun N-terminal kinase (JNK), and p38. Recent studies have shown that activation of MAPK signaling pathways plays important roles in the development of SCs [27, 28] . The activation of JNKs is principally associated with SC exposure to reproductive toxicants [29] [30] [31] . It is highly probable that ROS accumulation, the mitochondrial pathway, and the JNK signaling cascade are involved in TP-induced apoptosis of SCs, but this possibility has not yet been validated by reported evidence.
The Nrf2 system is known as one of the most important defense mechanisms against oxidative stress and electrophilic insults. Nrf2 is a master transcription factor in the response to oxidative stress that binds to antioxidant responsive elements (AREs) and induces the expression of several protective enzyme including NAD(P)H quinone oxidoreductase1 (NQO1), catalase (CAT), glutamate-cysteine ligase (GCL), hemeoxygenase-1(HO-1), and glutathione S-transferase(GST). It controls cell proliferation and differentiation via the regulation of ROS. Expression of a functional Nrf2 system in the male reproductive tract (testis and epididymis) may play a potentially protective role against oxidative stress damage [32, 33] . Therefore, in the present work, we aimed to delineate the molecular mechanism of testicular injury caused by TP both in vivo and in vitro. TM4 cells, representing a mouse SC model, were used to explore whether exposure of SCs to TP leads to potential cytotoxicity and induces apoptosis. The underlying mechanisms were then elucidated by investigating the involvement of possible apoptosis-related hallmarks including the generation of ROS, changes in mitochondrial membrane potential, and levels of cytochrome c, caspase-3, MAPKs and Nrf2 in vitro. ROS scavenger N-acetyl-cysteine (NAC) and the specific JNK inhibitor (SP600125) were evaluated in particular to verify the underlying mechanisms of TP-induced apoptosis. The mechanisms were further validated through experiments including testis histopathologic analysis, TUNEL assays and immunohistochemical detection in vivo. To our knowledge, these are the first results demonstrating the cytotoxic effects and underlying molecular mechanisms of TP-induced apoptosis in SCs.
Materials and methods

Reagents
Cell culture medium, DMEM/F12, ampicillin and streptomycin were purchased from Gibco BRL (Grand Island, NY, USA). Fetal bovine serum and donor equine serum were obtained from HyClone (South Logan, Utah, USA). TP was purchased from Xi' an Kai Lai Biological Engineering (Xi' an, China). Dimethyl sulfoxide (DMSO), N-acetyl-L-cysteine (NAC), DAPI, 3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyl tetrazolium bromide (MTT) and 6-carboxy-2',7'-dichlorofluorescein diacetate (DCFDA) were purchased from Sigma-Aldrich (St Louis, MO, USA). SB203580, PD98059 and SP600125 were obtained from Calbiochem (San Diego, CA, USA). Primary antibodies to β-Actin, ERK1/2, p-ERK1/2, p-P38, P38, p-JNK, JNK, cleaved caspase-3 and PARP were purchased from Cell Signaling Technology (SCT, MA, USA), and Bax, Bcl-2 and cytochrome c were obtained from Bioworld Technology (Bioworld Technology, USA).
Cell culture
The TM4 SCs were purchased from the American Tissue Culture Collection. DMEM/F12 enriched with 2.5% fetal bovine serum and 5% donor equine serum containing 1% penicillin-streptomycin solution was used for cell culture. All cells were maintained at 37 °C in a humidified atmosphere containing 5% CO 2 .
Cell viability assay TP was dissolved in DMSO at a concentration of 100 mmol/L as a stock solution and stored at -20 °C until use. To evaluate the toxic effect of TP on cell growth, TM4 cells were seeded at a density of 5×10 3 cells/well in 96-well culture plates for 48 h. The medium was then discarded and replaced with 150 μL of fresh serum-free medium containing various concentrations (5-10000 nmol/L) of TP and cultured for 24 h and 48 h, respectively. After treatment, cell viability was determined by the MTT assay. Briefly, 15 μL of MTT stock solution (5 mg/mL) was added to each well and incubated for 4 h at 37 °C in the dark. The culture medium was then removed, and 100 μL DMSO was added to dissolve the formazan crystals. The absorbance was then measured at 570 nm. Annexin V-FITC/propidium iodide (PI) staining Cell apoptosis was quantified with an Annexin V-FITC/PI apoptosis kit (Beyotime Institute of Biotechnology, Nantong, Jiangsu, China). The TM4 (5×10 5 /mL) cells were seeded on 6-well microplates and grown for 48 h. After treatment with TP (125, 250, 500 nmol/L) for 24 h and 48 h, TM4 cells were digested with trypsin lacking EDTA, centrifuged at 1000 r/min for 5 min at 4 °C, washed twice with cold PBS, and re-suspended in assay buffer at a concentration of 1×10 6 cells/mL. Then, the collected TM4 cells were incubated in buffer containing 1 μg/mL PI and 5 μL Annexin V-FITC in the dark at room temperature for 15 min, followed by examination using a FACScan flow cytometer (Becton-Dickson, Immunocytometry System, San Jose, CA, USA). FITC and PI fluorescence were measured by excitation with a 488 nm argon laser. Finally, a dot plot of PI fluorescence (y-axis) versus FITC fluorescence (x-axis) was prepared.
Measurement of the mitochondrial membrane potential (Δψm)
The mitochondrial membrane potential (Δψm) was assayed by JC-1 staining and flow cytometry. In brief, TM4 cells were treated with TP (125, 250, 500 nmol/L) or left untreated for 24 h and 48 h, and then the cells were harvested, washed and incubated with JC-1 (10 μg/mL) for 30 min at 37 °C. The level of Δψm was analyzed by flow cytometry.
Detection of intracellular ROS
Production of ROS was observed in TM4 cells by fluorescence microscopy using DCFDA as the molecular probe. In brief, TM4 cells were treated with or TP (125, 250, 500 nmol/L) or left untreated for 6 h, and then the cells (2×10 5 ) were loaded with 10 μmol/L DCFDA for 30 min at 37 °C in the dark, washed twice with PBS, fixed with 4% paraformaldehyde, and washed with PBS. Stained cells were observed under a fluorescence microscope, and cells were also collected, and their fluorescence intensities assessed using a Bio-Tek Fluorescence microplate reader at an excitation wavelength of 480 nm and an emission wavelength of 530 nm.
Measurement of lipid peroxidation and glutathione
Intracellular glutathione (GSH) content and MDA levels in cell culture medium were determined using a colorimetric microplate assay (Nanjing Jiancheng Bioengineering Institute, Nanjing, Jiangsu, China). In brief, TM4 cells were treated with TP (125, 250, and 500 nmol/L) or left untreated for 12 h, and culture supernatants were collected by centrifugation at 3500 r/min for 10 min at 4 °C. The MDA levels in the supernatant were used for the assays, according to the manufacturer's instructions. TP-treated cells were detached using 0.25% trypsin-1 mmol/L EDTA and harvested via centrifugation at 1000 r/min for 5 min at 4 °C. The cell samples were then prepared and intracellular GSH contents detected, according to the manufacturer's protocols. MDA and GSH content was normalized to the total protein concentration using the standard method supplied with the Thermo Scientific Pierce BCA Protein assay (Thermo, Rockford, USA).
Western blot analysis TM4 cells were harvested and lysed for 30 min in cell lysis buffer with protein extraction reagent containing 1 mmol/L phenylmethylsulfonylfluoride (PMSF), complete EDTA-free protease inhibitor cocktail (Roche Diagnostics, Indianapolis, IN) and 5 mmol/L sodium orthovanadate (a phosphatase inhibitor), according to the instructions provided with the Cyto-plasmic Protein Extraction Kit, Nucleoprotein Extraction Kit and Cell Mitochondria Isolation Kit (Beyotime Institute of Biotechnology, Nantong, Jiangsu, China). Equal amounts of protein (20 μg/lane) were subjected to sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). Subsequently, Western blotting was performed at 80 V for 30 min and 120 V for 65 min, and then the gel was transferred to polyvinylidene difluoride (PVDF) membranes (Bio-Rad, Hercules, CA, USA). The membranes were blocked with 5% BSA solution for 2 h at room temperature. The membranes were incubated overnight with a polyclonal primary antibody and TBS, 5% BSA and 0.1% Tween-20. Primary antibodies to the following proteins were used: β-actin, ERK1/2, p-ERK1/2, p-p38, p38, p-JNK, JNK, cytochrome c, Nrf2, cleaved caspase-3 and PARP (1:1000 in PBS, Cell Signaling Technology, USA); Bax and Bcl-2 (1:750 in PBS, Bioworld Technology, USA). After being washed four times with Tris-buffered saline containing 0.1% Tween-20, the membranes were incubated with secondary HRP-conjugated anti-rabbit IgG antibody (1:1000 Cell Signaling Technology, USA) for 2 h at room temperature. Finally, the protein bands were visualized with an ECL detection system (Millipore, Billerica, MA, USA). Data were normalized to the corresponding internal reference β-actin or ERK1/2 (p38 or JNK). The immunoblotting densitometry analysis was performed by using Clinx Chemi Image Analysis software (Clinx Science, Shanghai, China). All samples were analyzed in triplicate.
Immunofluorescence analysis of Nrf2 expression
To localize Nrf2 expression in cells, immunofluorescence was performed. After treatment with TP for 3 h, cells were harvested, washed in ice-cold PBS, fixed with 4% paraformaldehyde in PBS, pH 7.4, for 15 min at 4 °C and then permeated with 0.1% Triton X-100. Fixed cells were washed with ice-cold PBS and incubated with anti-Nrf2 antibody (1:200 in PBS) for 12 h at 4 °C. After the washes, the slides were incubated for 1 h at 37 °C with DyLight 488-conjugated Affini-Pure goat anti-rabbit IgG secondary antibodies. The nuclei were then stained with DAPI solution. DAPI and Nrf2 fluorescence was then evaluated by confocal laser scanning microscopy (CLSM), and confocal images were obtained using a Zeiss confocal laser microscope (ZEISS LSM 700) and analyzed using MetaFluorV6.3 (Universal Imaging, Downingtown, PA, USA).
Reverse transcription-PCR Total RNA was isolated from the cells with TRIzol reagent according to the manufacturer's guidelines (TRIzol, TaKaRa Biotechnology, Dalian, China), after TP (125, 250 and 500 nmol/L) treatment for 6 h. The concentration and purity of the RNA were quantified by measuring the absorbance at 260 nm and 280 nm (NanoDrop One, Thermo, USA). The primer sequences (Supplemental material Table S1 ) for NQO1, HO-1, GSTA-1, Gclc, FSHR (treatment for 2 h) and GAPDH were synthesized by Invitrogen China Inc (Shanghai, China). Reverse transcription was performed using an All-In-One RT MasterMix Kit (Applied Biological Materials Inc, Canada) according to the manufacturer's instructions. Real-time quantitative PCR was performed using a CFX96 Touch Real-Time PCR detection system (Bio-Rad, USA). Each PCR assay was carried out in a single well of a 96-well optical reaction plate with EvaGreen 2× qPCR MasterMix (Applied Biological Materials Inc, Canada) in accordance with the manufacturer's instructions. The relative gene expression levels were calculated by using the comparative threshold cycle (Ct) method (2 -ΔΔCt ) by normalizing the target mRNA Ct values to those of GAPDH. All samples were analyzed in triplicate.
siRNA transient transfection Nrf2 was silenced in TM4 cells by using Nrf2 siRNA. The following siRNA-encoding DNA oligonucleotides containing inner palindromic sequences (sense: 5'-CGAGAAGU-GUUUGACUUUATT-3'; antisense: 5'-UAAAGUCAAACA-CUUCUCGTT-3', and scramble siRNA (sense: 5'-UUCUC-CGAACGUGUCACGUTT-3'; antisense: 5'-ACGUGACAC-GUUCGGAGAATT-3') were synthesized (GenePharma, USA). TM4 cells were transiently transfected with Nrf2 siRNA or scrambled siRNA as a negative control by using Lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA) according to the associated protocol. Moreover, at 24 h post-transfection, the cells were collected for Western blot analysis or treated with TP.
Animals and in vivo research
Thirty-two male ICR mice weighing approximately 18-22 g were obtained from the Animal Center of Nanjing Medical University (NJMU, Nanjing, China) and randomly assigned to four groups (n=8). In the control group, mice received the following by gavage once daily every day for 14 days: normal solvent for TP (TP dissolved in ethanol/0.9% saline =1:9, vol); TP (low, medium and high dose): TP at doses of 30, 60 and 120 μg/kg po, respectively. All mice were maintained in an environmentally controlled room at a temperature of 22±2 °C, with a relative humidity of 50%±10% and an approximately 12/12-h light/dark cycle. They were given free access to food and water until 12 h before sacrifice. Testicular tissues were removed and weighed to calculate the testis index (testis weight/body weight) after treatment for 14 days. All animal experiments were performed according to the Guidelines for the Animal Ethics Committee of Nanjing Tech University (Nanjing, China).
Succinate dehydrogenase, malondialdehyde, and activation of caspase-3 in testicular tissue Succinate dehydrogenase (SDH) in the mitochondrial membrane is a key mitochondrial enzyme. The biochemical indicator of malondialdehyde (MDA) indicates the formation of lipid peroxide. The SDH and SOD activities, as well as MDA levels in testicular tissue, were detected by using classical colorimetric methods with commercial kits (Nanjing Jiancheng Bioengineering Institute, Nanjing, Jiangsu, China), according to the manufacturer's instructions. The results are expressed as units/mg of protein. Activation of caspase-3 in testicular tissue was detected by using a caspase-3 colorimetric assay kit (Beyotime Institute of Biotechnology, Nantong, Jiangsu, China) according to the manufacturer's instructions.
Histopathologic analysis of the testis
A histopathologic study was performed at the end of the experiment. As described in a previous report [19] , the right sides of the mouse testis were removed at the end of the experiment, cut in the middle and fixed with 10% buffered formalin solution (pH 7.4) at 4 °C for 2 weeks. The fixed samples were then dehydrated through a graded alcohol series, embedded in paraffin and sliced. After staining with hematoxylin and eosin (H & E), the pathological changes in the testicular tissues were observed under a light microscope (Nikon ECLIPSE 80i, Nikon, Tokyo, Japan).
TUNEL assay
The terminal DNA transferase-mediated dUTP nick end labeling (TUNEL) assay was used to determine apoptotic DNA breaks. Paraffin-embedded testis tissue sections were used to assess TP-induced apoptosis. TUNEL labeling was performed with an in situ cell apoptosis detection kit for the detection of paraffin sections (KeyGEN BioTECH, Nanjing, China), according to the manufacturer's recommendations. The slides were observed under an optical microscope.
Immunohistochemistry Formalin-fixed paraffin-embedded testicular tissue sections from animals treated with TP or left untreated were deparaffinized and soaked in graded concentrations of ethyl alcohol. The sections were then soaked in sodium citrate buffer (pH 6.0) and heated in a microwave oven for antigen retrieval. After being washed with PBS, the slides were blocked with 10% horse serum for 1 h at room temperature. Moreover, the slides were incubated with primary antibodies against p-JNK (1:50) overnight at 4 °C. After being washed 4 times with 1× TBST for 5 min each, the slides were incubated with 100 µL per slide of diluted conjugated secondary antibody for 30 min at room temperature. The slides were then stained with DAB 
Results
TP-induced apoptosis of TM4 cells in vitro
First, we determined the effect of TP on cell viability. As shown in Figure 1B , TP significantly inhibited cell growth in both a dose-dependent and a time-dependent manner. Figure S1 ). In addition to the morphological observations, chromatin condensation and DNA fragmentation were observed in TP-treated TM4 cells by Hoechst 33258 staining ( Figure 1C ). The cytotoxic effect of TP was confirmed by flow cytometry. The early apoptotic cells (Annexin V + /PI -) fell into the lower right quadrant and the late apoptotic cells (Annexin V + /PI + ) fell into the right upper quadrant. As shown in Figure 1D , the apoptosis rate (dot plot in the lower right quadrant and right upper quadrant) was significantly increased after treatments with TP (125, 250 and 500 nmol/L) for 24 h and 48 h, respectively, in a concentration-dependent manner. Flow cytometric analysis showed that 500 nmol/L induced an apoptotic to necrotic cell ratio of up to 30% for 24 h (early and late apoptotic and necrotic cells) and 50% apoptotic cells at 48 h. Thus, we further assessed the DNA fragmentation pattern by agarose gel electrophoresis to investigate TP-induced apoptosis of TM4 cells. The data showed that TP treatment resulted in DNA ladder fragmentation in a concentration-dependent manner (Supplemental material Figure S2 ). Our results also showed that the gene expression of FSHR was significantly decreased in response to 250 and 500 nmol/L TP treatment for 2 h as compared with that in the control group ( Figure 1E ). These results indicated that TP-induced apoptosis of Sertoli cells and damaged their physiological functions.
Role of ROS generation in TM4 cell apoptosis induced by TP To investigate whether ROS play a pivotal role in TP-induced apoptosis, DCFH-DA, a fluorescent probe, was used to detect cellular ROS levels. In our experiment, TP treatment (125, 250, and 500 nmol/L) for 6 h induced a marked increase in DCFH-DA fluorescence in a concentration-dependent manner, as compared with the fluorescence in the control group, which exhibited only weak green fluorescence. The results are shown in Figure 2A and 2B. To further determine whether the apoptosis was related to the levels of ROS, cells were coincubated with the antioxidant NAC together with TP (500 nmol/L). NAC abrogated the TP-induced decline in TM4 cell viability introduced by TP (Figure 2A and 2B) and caused a 64.91% decrease in the rate of apoptosis in NAC-treated TM4 cells. Data obtained from MTT analysis are shown in Figure  2C . Moreover, TP treatment induced a concentration-dependent decrease in GSH levels ( Figure 2D ) and a concentrationdependent increase in MDA levels ( Figure 2E ) in TM4 cells. These findings indicated that TP causes apoptosis of TM4 cells by promoting ROS generation in response to oxidative stress damage.
Mitochondrial-dependent apoptotic signals in TM4 cells induced by TP
The collapse in mitochondrial membrane potential (Δψ m ) is a crucial step in triggering activation of the apoptotic cascade. To further investigate whether TP-induced SC apoptosis is regulated via mitochondrial dysfunction, the mitochondrial membrane potential was determined by flow cytometry using JC-1 staining. As shown in Figure 3A , the decrease in Δψm in TM4 cells exhibited a dose-dependent sensitivity to TP at 24 h and 48 h, as indicated by the increased green fluorescence and decreased red fluorescence.
We then measured the changes in Bcl-2 family protein expression to determine whether TP-induced apoptosis by triggering the mitochondrial apoptosis pathway. The Western blot results indicated that Bax protein levels were significantly increased in the 250 or 500 nmol/L TP groups, whereas antiapoptotic protein (Bcl-2) was significantly attenuated by TP for 24 and 48 h, especially at a high concentration ( Figure 3B) . As a result, the Bax/Bcl-2 ratios (pro-apoptotic/anti-apoptotic) were enhanced after TP treatment in TM4 cells ( Figure 3C ).
Cytochrome c (Cyt c) release was linked to the decrease in Δψm and the mitochondrial apoptosis pathway. Cyt c release from mitochondria activates caspase apoptotic pathways, which in turn activate the executioner caspase-3 protein and eventually result in apoptosis. We investigated the possible involvement of the release of Cyt c in the process of TPinduced apoptosis by comparing the protein expression of cytochrome c in the cytoplasm and mitochondria by Western blot analysis. Cells were treated with different concentrations of TP for 24 and 48 h, and the protein expression of cytochrome c in the cytoplasm was found to be significantly upregulated in concentration-dependent and time-dependent manners in TP-treated TM4 cells. Our data indicated that TP promoted the release of Cyt c from mitochondria into the cytoplasm ( Figure 3B) .
Caspases, particularly caspase-3, are key mediators of cell death. Cleaved caspase-3 was significantly regulated in a concentration-dependent manner in TP-treated TM4 cells. Additionally, together with the activation of caspase-3, full-length PARP (116 kDa) protein was fragmented to yield an 85-kDa fragment. This finding indicated that TP-induced apoptosis in TM4 cells ( Figure 3B) . Together, the results showed that TP triggers the mitochondrial caspase apoptotic pathway via a series of cascade reactions including an enhanced Bax/ Bcl-2 ratio, a loss of mitochondrial membrane potential, Cyt c release, and the caspase cascade. Effects of TP on the activation of MAPK signaling in cultured TM4 cells To assess the involvement of the MAPK signaling pathway in TP-induced apoptosis of SCs, the expression levels of both total and phosphorylated proteins were evaluated by Western blot analysis. TM4 cells were exposed to various TP levels (125, 250, and 500 nmol/L) for 24 and 48 h. As shown in Figure 4A and 4B, we observed activation of phospho-JNK in a dose-dependent manner, but observed no change in the total JNK concentration after TP treatment. Neither activation nor suppression was observed in the ERK1/2 and p38 signaling pathway in TM4 cells after TP treatment for 24 and 48 h. Furthermore, combined treatment with TP and the specific JNK inhibitor SP600125 directly inhibited TP-induced apoptosis of TM4 cells ( Figure 4C ). This phenomenon was not observed when the P38 inhibitor SB203580 and ERK inhibitor PD98059 were used. These results indicated that TP induces apoptosis in TM4 SCs by activating the JNK-MAPK pathway.
TP induces apoptosis in TM4 cells through ROS/JNK/mitochondriadependent apoptotic signals
We found that ROS and JNK activation play important roles in regulating TP-induced apoptosis in TM4 cells. This result was further confirmed by Annexin V-FITC/PI staining followed by flow cytometry ( Figure 5A ). The in vitro study showed that combined treatment with TP and SP600125 or NAC significantly decreased the ratio of early apoptotic cells induced by TP (500 nmol/L). In addition, both the loss of Δψm and the increase in apoptosis were significantly prevented by NAC and SP600125 ( Figure 5B ). As shown in Figure 5C , treatment with JNK inhibitor or NAC not only suppressed TP-mediated Bcl-2 down-regulation but also blocked the release of Cyt c into the cytosol from mitochondria. Moreover, cleavage of caspase-3 and PARP determined by Western blot analysis provided further evidence that inhibitors of JNK and NAC suppress the activation of the effector caspase ( Figure 5C ). Finally, we evaluated whether ROS, as an upstream signal, can induce JNK activation and further trigger the mitochondrial apoptosis pathway. After Western blot analysis, we found that the ROS scavenging agent (NAC) inhibited JNK activation in TP (500 nmol/L)-treated TM4 cells. Additionally, NAC, similarly to the specific JNK inhibitor SP600125, suppressed cell apoptosis by inhibiting JNK activation ( Figure  5C ). The data showed that ROS might be one of the upstream effectors of the JNK-mediated signaling pathway during TPinduced apoptosis of TM4 cells. TP-induced the generation of ROS and triggered apoptosis through JNK-dependent activation of the mitochondrial pathway.
TP prevented HO-1, NQO1 and CAT expression by inhibiting the activation of Nrf2
Nrf2 is an essential transcription factor that regulates the expression of genes involved in the cellular antioxidant defense system. To investigate whether TP could inhibit the transcriptional activation of certain antioxidant enzymes through the inactivation of Nrf2, RT-PCR of the relative RNA expression was performed. As shown in Figure 6A , TP caused a concentration-dependent and statistically significant decrease in the expression of HO-1, NQO1 and CAT mRNA expression. In addition, we did not observe clear nuclear translocation of Nrf2 by immunofluorescence analysis ( Figure 6C ) after stimulating the cells with TP. The translocation of Nrf2 from the cytoplasm to the nucleus was also detected by Western blotting. When TM4 cells were treated with TP (125, 250, and 500 nmol/L) for 3 h, the expression of nuclear Nrf2 was decreased, and there were no obvious changes in the expression of cytosolic Nrf2 ( Figure 6D ). TP prevented HO-1, NQO1 and CAT expression by inhibiting the activation of Nrf2. To confirm the important role of Nrf2 in regulating the TP-induced cytotoxicity of TM4, Nrf2 siRNA was used to knockdown the expression of Nrf2 in TM4 cells ( Figure 6D ). Compared with control siRNA, Nrf2 siRNA significantly decreased cell viability after treatment of TP ( Figure 6F ). Further evidence indicated that TP-induced excessive ROS production, potentially because of the lack of antioxidant gene stimulation in cells with Nrf2 knocked down by transient siRNA transfection ( Figure 6G ). Nrf2 siRNA markedly enhanced the rate of cell apoptosis after Figure 6H ). These data suggested that Nrf2 is directly involved in TP-induced cytotoxicity of TM4.
TP-induced testicular injury in male mice
To evaluate whether the toxic effects of TP on testis damage and male infertility could be explained by the induction of apoptosis, detection of biochemical indicator and analysis of histopathology and apoptosis of the testicular tissue of male mice were performed after TP treatment for 14 days. Above all, significant differences were observed for the testes index (testes weight/body weight) between the mice that received oral administration of TP (30, 60 and 120 μg/kg) daily for 14 days and the mice that were treated with normal saline, thus suggesting that TP was severely toxic to testicular tissues of mice in vivo ( Figure 7A ). SDH was distributed in the inner mitochondrial membrane and played an important role in supplying energy for sperm maturation. The activities of SDH after treatment with 30, 60 and 120 μg/kg TP were significantly decreased to approximately 20%, 34% (P<0.05) and 44% (P<0.05) of the levels in the control group on day 14, respectively ( Figure 7C ). Decreased SDH levels in testicular tissue not only led to abnormal sperm (Supplemental material Figure  S3 ) but also reflected the collapse of the energy supply from SCs and abnormal mitochondrial function. MDA is a lipid peroxidation by-product that is an indicator of cellular oxidation status. MDA levels in mice treated with 60 (P<0.05) or 120 (P<0.01) μg·kg -1 ·d -1 TP were markedly increased as compared with levels in the control group ( Figure 7B ). Moreover, a marked decrease in SOD activity in testicular tissue was observed in the high-dose group (P<0.01) compared with the control group ( Figure 7D ). As shown in Figure 7G , the testicular tissues of the mice in the TP (30, 60 and 120 μg/kg) groups displayed abnormal histopathological changes compared with those in the control group. TP (120 μg/kg) led to a substantial decrease in the internal diameter of the seminiferous tubules, damage to the basement membrane and scant cytoplasm, as well as sperm cell shedding from SCs. In addition, the effect of TP on the mRNA level of FSHR in testis was also studied. The mRNA levels of FSHR in testis were down-regulated in a dose-dependent manner in TP-treated animals, compared with control animals ( Figure 7F ).
Caspase-3 activity in testicular tissue was also analyzed to confirm the contribution of caspase activation to the induction of apoptosis in vivo. As shown in Figure 7E , caspase-3 activity in testicular tissues in the three TP groups increased significantly in a dose-dependent manner, as compared with the activity in the control group. We further report the first investigation of DNA fragmentation in the testicular tissues of male mice by using TUNEL staining after TP or vehicle treatment for 14 d. The TUNEL assay explicitly showed that positive cells (apoptotic cells) were induced by TP in testicular tissue and that almost no positive cells were detected in the control group ( Figure 7H ). Most TUNEL-positive cells had some morphological characteristics of SCs. The effect of TP on p-JNK expression was detected in mouse testicular tissue by immunocytochemistry. As shown in Figure 7I , the immunohistochemical staining analysis exhibited a concentrationdependent elevation in p-JNK expression.
We further explored the transcriptional function of Nrf2 by detecting the expression of its downstream target antioxidant genes at the mRNA levels. The data ( Figure 6B ) indicated that HO-1 (P<0.05, P<0.01), NQO1 (P<0.05, P<0.01) and CAT mRNA (P<0.05, P<0.01) were markedly decreased after TP (60 and 120 μg/kg) treatment. Our results showed that the testis tissue from TP-treated mice exhibited decreased nuclear translocation of Nrf2 ( Figure 6E) . The results of different assays using different methodology strongly suggested that TP caused severe toxicity to testicular tissue, especially by inducing SC apoptosis, thus finally resulting in testis damage and subsequent male infertility.
Discussion
Previously, we have reported that TP causes testicular damage and depletion of the energy supply from SCs, thus leading to decreases in sperm count and motility and abnormal changes in sperm morphology in male mice. Although it has been shown that abnormal sperm are derived from testicular tissue damage, the mechanisms underlying TP-induced apoptosis of SCs remain obscure. The role of TP in SC apoptosis and its underlying mechanism of action have not been previously reported. In previous studies, TM4 cells have been used as a mouse SC model to investigate the potential reproductive toxicity of, compounds such as bisphenol A, ethanol and nonylphenol. In the present study, we performed a series of in vitro and in vivo experiments to comprehensively evaluate the molecular mechanisms of TP-induced apoptosis of TM4 cells. The results of our in vitro mechanistic studies revealed that TP promotes ROS production, thus further activating the JNK pathway and inhibiting the Nrf2 pathway. These pathways subsequently lead to inactivation of the antioxidant system, thus further triggering the mitochondrial-mediated apoptosis signaling pathway. Our further in vivo experiments showed that TP decreased testicular weight, increased MDA levels, destroyed the microstructure of the testis, promoted apoptosis of the testicular tissue, disrupted the mitochondrial enzyme activity and activated JNK phosphorylation in vivo.
It has been well documented that TP-induced organ toxicity is closely associated with increasing ROS levels in organs such as the liver, kidney, and heart [2, 11, 34] . However, there is little information available regarding the mechanism(s) underlying the toxic effects of TP on SCs. In our experiment, a dramatic ROS burst was observed during TP-induced apoptosis of TM4 cells, a result indicating that ROS accumulation is involved in TP-induced apoptosis in TM4 cells; however, the free radical scavenger NAC prevented this phenomenon. However, many studies have reported that TP-mediated regulation of ROS might be cell-type specific. TP inhibits PC12 cell apoptosis and provides potential therapeutic effects in Alzheimer's disease (AD) by down-regulating the generation of ROS, hydrogen peroxide (H 2 O 2 ) and MDA levels [22] . In a murine peritoneal macrophage cell line, TP inhibits the production of superoxide anion by attenuating oxidative stress and regulating inflam- mation through NF-κB-mediated inhibition of inflammationrelated cytokines [35] . In contrast, TP promotes ROS production and decreases ΔΨ m levels in human adrenal cancer NCI-H295 cells [36] . This contradictory mechanism of TP has also been reported in other studies [1, 2] . Therefore, our in vivo study was carried out to confirm whether ROS accumulation is the main mechanism underlying the TP-induced apoptosis of SCs and testicular injury. In our experiments, MDA and SOD were assessed as key indicators of oxidative stress in testicular tissue. MDA is one of the most widely used indicators of free radical formation and is formed by ROS degradation of polyunsaturated lipids. Moreover, superoxide dismutase (SOD) is a critical antioxidant enzyme that removes the ubiquitous superoxide metabolic products in biological systems. Sig- nificantly increased levels of MDA and decreased activities of SOD observed in testicular tissue after TP administration indicated that TP led to severe oxidative damage in vivo. The results suggested that TP triggers apoptosis of SCs or testicular injury at least in part by inducing ROS accumulation. Nrf2 is a pivotal player in the cellular antioxidant defense system. Our results suggested that TM4 cells and testis tissues after TP treatment exhibited decreased nuclear translocation of Nrf2, thus potentially leading to weaker induction of antioxidant defenses including a decrease in the activity of GSH and the gene expression of NQO1, CAT and HO-1. Therefore, the TP-induced oxidative stress damage to TM4 cells may partly rely on its Nrf2 inactivation-mediated suppression of antioxidant activities. A similar mechanism of action has been identified in Leydig cells. Zhang and co-workers have suggested that TP inhibits the expression of HO-1 and downstream Nrf2 activation, thus leading to further apoptosis of Leydig cells (the steroidogenic cells located in the interstitium of the testis) [37] . TP led to a loss of Nrf2-mediated cytoprotective responses under persistent oxidative stress conditions. Mitochondria are mainly responsible for energy metabolism in cells, representing one important source of cellular ROS generation and regulation of apoptosis. In mitochondrialdependent apoptotic signaling, cell apoptosis is regulated by pro-and anti-apoptotic proteins. The anti-apoptotic protein Bcl-2 localized in the mitochondrial wall regulates apoptosis by controlling mitochondrial permeability and inhibiting Cyt c release. The pro-apoptotic Bax protein enhances the release of Cyt c by translocating to mitochondria from the cytosol after death signaling. Elevated ROS accumulation activates mitochondrial-dependent apoptotic signaling by increasing the permeability of the outer mitochondrial membrane and further induces apoptosis through the activation of caspase cascades.
Whether mitochondrial dysfunction plays an important role in apoptotic events in SCs remains unclear. Our results showed that TP-induced a decrease in mitochondrial membrane potential, attenuated expression of the anti-apoptotic protein Bcl-2, and increased the expression of the pro-apoptotic protein Bax, thereby eventually increasing the Bax/Bcl-2 ratio and promoting the protein expression of Cyt c in the cytoplasm, and leading to effector caspase activation and subsequently apoptosis. Caspase-3 activation is a central feature of apoptotic cells. Increases in protein expression of both cleaved caspase-3 and PARP were observed during TP-induced apoptosis of SCs. More importantly, our data showed that combination treatment with TP and NAC dramatically reversed the loss of Δψ m and decreased the release of Cyt c, activation of caspase-3, and the percentage of apoptosis, thus indicating that intracellular ROS accumulation plays a key role in inducing mitochondrialdependent apoptotic signaling and results in TM4 cell apoptosis. SDH is also a marker that reflects mitochondrial function, and its suppression can be used as a proxy for testicular energy metabolism and spermatic function in vivo. In the present study, we observed depressed SDH activity, increased MDA levels and decreased SOD activity, which also reflected the oxidative damage to mitochondria. Our in vivo experiments also showed that apoptosis of testicular tissues resulted in additional severe tissue lesions, as assessed by the testis histopathology.
The MAPK signaling cascade was originally identified as a key pathway in the transduction of apoptotic signals. Previous studies have demonstrated that the toxicity and pharmacological activity of TP or GTW are closely related to MAPK signaling activation. Tan and co-workers have suggested that ERK1/2 activation and the generation of ROS are pivotal in regulating TP-induced apoptosis in MDA-MB-231 breast cancer cells [34] . TP induces apoptosis of dendritic cells by upregulating p38 phosphorylation [21] . In contrast, MAPKs are not involved in TP-induced cell apoptosis in prostate cancer cell lines even if TP can activate the MAPK signaling pathway [34] . In the present experiments, TP-induced apoptosis of TM4 mouse SCs by activating the phospho-JNK in a dosedependent manner. Additionally, combination treatment with TP and the specific JNK inhibitor SP600125 significantly decreased TP-induced apoptosis and enhanced survival of TM4 cells, thus suggesting that JNK, but not p38 and ERK1/2, participates in TP-induced TM4 apoptosis.
JNK is known to be involved in the induction of many types of apoptosis. For example, JNK plays a key role in TNF-α-, Fas ligand-, X-ray-and UV ray-induced apoptosis. Furthermore, JNK is a primary regulatory factor associated with cell apoptosis when SCs are exposed to reproductive toxicants such as BPA, chromium chloride and 1, 3-DNB [31] . ROS serve as a strong signal for the activation of JNK and are an important regulatory factor in JNK-dependent apoptosis regulation [38] . ROS are a potent activator of JNK through inhibition of oxidative endogenous JNK inhibitors [39] . Indeed, TPmediated JNK phosphorylation and ROS accumulation are all inhibited by NAC, thus indicating that the accumulation of ROS occurs upstream of the control signal, thereby resulting in sustained JNK activation and leading to cell death. The results of previous studies have revealed that induction of apoptosis by activated JNK is essential in modulating the functions of pro-and anti-apoptotic proteins located in mitochondria [40, 41] . MAPK-signaling pathways have been shown to play vital roles in mitochondrial-mediated apoptosis. The relationship between mitochondrial apoptosis and the JNK pathway has also attracted the attention of many researchers. Bax is been shown to be a JNK substrate in several studies. JNK has also been reported to modulate the downstream activities of the pro-apoptotic Bcl-2 family, release of Cyt c from mitochondria and extrinsic apoptotic pathways. Lei et al have indicated that defects in apoptosis are associated with a failure of JNK-deficient cells to release cytochrome c (mitochondrial pro-apoptotic protein) [42] . However, in another mechanism, caspasedependent mitochondrial dysfunction and activation of the MAPK pathways are independent pathways [43] . In the present research, this apoptotic activity was found to be partially blocked by the specific JNK inhibitor SP600125, thus providing further confirmation that the mitochondrial apoptotic pathway was regulated by the JNK signaling pathway. Therefore, activation of phospho-JNK may be a potential mechanism for the TP-induced mitochondrial apoptosis of SCs.
Our results indicated that combination treatment of TP with NAC or JNK inhibitor notably abolished TP-induced apoptosis, as evidenced by a decrease in PARP cleavage, an increase in cell viability and the recovery of ΔΨm in TM4 cells. In addition, TP-mediated JNK activation was inhibited by NAC, thus indicating that JNK phosphorylation and the mitochondrial pathway are critical for TP-mediated apoptosis in TM4 cells, in which ROS acts as an important upstream mediator. In addition, the ability of TP to inhibit the Nrf2 pathway, which alters the appropriate functioning of the body's defense system, may be an important mechanism in the induction of TM4 cell apoptosis ( Figure 8 ). We also observed that NAC and SP600125 significantly attenuated TP-induced apoptosis of TM4 cells, but those inhibitory effects were not very substantial. Therefore, it is likely that other mechanisms (inflammatory cytokines, Fas/ Fasl, energy metabolism, among others) that are distinct from oxidative stress may be involved in TP-induced apoptosis of TM4 cells. However, it is reasonable to speculate that the TPinduced apoptosis of TM4 cells and testis injuries observed in the present study occurred, at least in part, through ROS/ JNK-dependent activation of the mitochondrial pathway. Our results also suggested that co-administration of TP with antioxidants to prevent testicular injury may be a promising method to avoid the toxicity of TP in clinical therapy. Further studies are warranted to determine more precise mechanisms of TP-induced apoptosis of SCs and to screen for suitable antioxidants in vitro and in vivo.
Our present study comprehensively investigated the antiproliferative effect of TP on TM4. We report the first evidence that TP-mediated testicular toxicity is mediated by activation of the mitochondrial death pathway in Sertoli cells via ROS/ JNK activation and Nrf2 pathway suppression. These results provide important new insights into the toxic molecular pathways of TP and the mechanism of testis diseases. Our data also indicated that combining TP with a ROS scavenging agent may be a promising strategy to reverse TP-mediated reproductive toxicity.
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